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The object of this thesis is to contribute to the date of 
friction at very low sliding velocities prior to forming some 
general. conclusions about very slow speed frictional phenomena, 
To accomplish this, data has been gathered on five different 
(hkiilies and three metas. The data gathered is presented in 
the form of In «Veurves over the velocity range of from 10” 
ems. per sec. to 10 ems. per sec. The work was carried out using 
& very low velocity friction apparatus developed by F. Heymann 
under the supervision of Professor Rightmire, Professor Rabinowicz, 
and with the help of the Friction and Lubrication Laboratory, All 
of this work was started and is being carried on under an Office 
of Naval Research contract. | 

The materiale tested were: Found Ag, eoubit widely differing 
fL-V curve characteristics as well. as wtdany varying friction 
factors, Some of the p ~V curves possessed positive slopes, som 
negative slopes, and some with slopes changing from positive or 
sero to negative. Since this is practically the only auch data in 
existance it is impossible to justify any general conclusions from 
the results of these few materials. It is recommended that many 
more material be ao tested so that a general conclusion may be made, 


Thesis Supervisor: Ernest Rabinowics 
Title: Assistant Professor of 
Mechanical Engineering 
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INTRODUCTION 


importance of Friction 


The very existance of the world is dependent upon « phenomenon 
we gall friction. It is evidenced in widely differing and opposing 
means, Friction prevents motion, makes motion possible, and it 
permite us 4 control over most motion. This applies to practically 
everything on earth. Friction holds objects in place when we set 
them, it makes motion possible in 411 ways from rolling whesles to 
sliding skis, and it makes starting and stopping motion possible as 
easily illustreted in accelerating and decelerating 4 vehicle. It 
is easy to think of ways which friction is involved importantly in 
practically all natural and man-made operations. 

Friction is often commonly considered undesirable in our machines, 
etc., where it costs us money in inefficiensies but the truth is that 
practically none of these machines, ete., would function properly 
if it were not for the presence of friction. We are actually 
completely dependent upon frietion for our very existance and since 
it is important we need to understand all we possibly can about it 
in order to most effectively make use of it wheres we deaire to and 
to Limit or control it elsewhere. 


Frictional, Phenomenon 


Friction is the force exerted on each of two surfaces in contact 
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by one another in a direetion parallel to the plane of contact. 
Coulomb in 1741 diesovered a clear distinction between static and 
kinetic friction. He observed at that time that kinetic friction 
was nearly independent of the speed of sliding. Me pursued the 
idea that friction might be due to some molecular adhesion between 
surfaces inherent in all materiale to various degrees. He dropped 
this idea on the theory that if it were so the friction should be 
proportional to the area of the sliding surfaces. He finally con- 
cluded that friction primarily was the resistances of the asperities 
of one surface to being lifted and pulled over the tops of the as- 
perities of the other surface.(1) Coulomb was partially right in 
both of his ideas of mutual adhesion and asperity resistance, He 
could, howeyer, not rationalise these views during his time. 

Today our theory for the cause of friction is that this force 
between two surfaces in contact consists of two primary parte: 
1 + shearing, which is the actual shearing or tearing apart of 
minute weldments or bonds between the surfaces, and 2 ~ ploughing, 
which is the riding over of the asperities of a surface over the 
asperities of the other surface; this occurs simultaneously to both 
surfaces to make up the total ploughing. The real ares of contact 
between the two surfaces is between tallest of their asperities 
which naturally come in contact tire. This is similar to pressing 
the bristies of brushes together. At first only a few of the 
bristles will touch but as more force is used in pressing them 
together the longer bristles, first in contact, slip sidewise or bend 
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3 
causing more of the shorter bristles to come in contact. In the 
extreme the tw brush handles, holding the bristles, may be pushed 
almost together if enough force is used. ‘This is ouite similar to 
what happens when any two surfaces are pressed together. The tallest 
or longest asperities come in contact first and bear the force of 
pressing over their minute areas of contact. As known from Strength 
of Materials the material will strain a given amount under a given 
pressure or force in this case.” ‘This permits some of the shorter 
asperities to come inte contact. This process continues until the 
force is balanced. This deformation takes place on both surfaces 
to different degrees depending on material properties and the surface. 
finishes, This process accounts for the difference between “apparent” 
and "real" areas of contact, where “apparent” is what you would 
commonly note by eye and "real" is the actual area of contact between 
the asperities actually in contact. 

Shearing is the breaking of weldments between these deformed 
asperities which are in intimate contact with each other. Sometimes 
the break occurs right in the "real" surface but generally particles 
of the two materials are torn away adhering to the other surface. 
This constitutes wear, The formation of these asperity weldments 
depends on many factors but for a given pair of surfaces it depends 
primarily on the force between the two surfaces and the time that a 
"real" contact is made between two particular pointe ~ that is generally 
the longer time, speaking even so of very short times, the two points 


* In accordance with the general law of Hooke. 
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4 
have to form a weld the stronger it will be. This may be due to the 
fact that dealing on the microscopic scale that we are considering 
& definite time lapse is required by the asperities for bonding. We 
know that with movement, sliding, heat is dissipated and must be 
Conducted away from the surfaces through the materials concerned. 

This heat conduction requires time and causes a local softening of the 
points of surfaces in real contact. This effect cen make the weldments 
form easier end at the same time if the weldments are still soft when 
sheared the shearing or tearing will be accomplished by lees effort. 
This is one part of the friction force. 

The ploughing part is the force required to cause the interlocking 
asperities to ride up and over er around each other, Under different 
conditions this may take different means of accomplishment. If the 
materials are very hard then this term may primarily be the work of 
@ausing the asperities to seek new pathe during the motion without 
altering the esperities themselves. This would be a true riding up 
and over or moving sidewise and around interdicting asperities, 
However, it seems more logical to assume that this occurs to same 
. extent but that, ne doubt, the true behavior is that the movement of 
the asperities of one surface up and over and around the asperities 
of the other surface is accompanied by some deformation, both elastic 
and plastic, of the asperities, usually of both surfaces, This 
probably is a plastic "mashing" of the asperity peaks and a sidewi se 
‘slip of the asperities, This is the other part of friction as seen 
teday. 
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ann of theses components of friction require s force in order 
te occur. All of them depend on the force exerted normal to the 
apparent surfaces holding the materiale together and the surface 
finishes, The weldment formation and strength depends on the 
chemical ability of the teo materials to bond together, the temperature 
of the "real" surfaces and, possibly aside from ite effect on temp- 
erature, on time ~ this is velocity of sliding. Ne doubt that with 
gome materials there would be definite plastic deformation before 
shearing the weldments; this depends on the physical properties of 
the materials coneerned, However, that portion where deformation 
takes place falls into the ploughing part. This whole process of the 
shearing portion of friction might be likened to an object attached 
to a table by sticky glue. It is bonded. If left to sit for a 
longer period it will be a stronger bond. With lots of glues if the 
temperature is high it will become not so firmly bonded, If you 
attempt to move the object from the table while the glue is yet 
sticky part of the glue will break almost immediately and some of it 
will stretch or deform both elastically and plastically unti1 it 
reaches some point of stress when it will break loose aleo. This is 
@ rough paralle] but it tranamits the basic idea of the shearing portion 
of the friction force, 

The ploughing portion is dependent upon, in addition to normal 
force and apparent surface finish, the physical properties of the 
materials, temperature, and the velecity of sliding. ‘This portion can 
roughly be likened to a boat in the water. A ship actually compresses 
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the water immediately over which it rides ~ it increases the pressure 
in the weter as it rides up over some of it - thie is what causes 
pressure actuated mines to function as @ ship passes within ite lethal 
range. While some of the water is forced dowi and under the hull the 
rest is pushed to either side «~ the ship or boat hull ia making a 
furrow through the water. All of this requires fores to push the beat 
through the water, In this analogy the ship or boat is the asperities 
of the harder material. In some cases it is possible that the two 
materials would randomly change partners in the analogy. In the 
process of friction this ploughing elastically and plastically deforms 
the asperities surfaces. This requires force. 

This hae been an explanation of the microscopic cause of friction. 
It is with these views in mind that thie thesis is dene, It is in the 
light of this approach te the mechaniaa of friction that the explanation 
end discussion of the results will be undertaken. 


Ae previously mentioned Coulomb observed that kinetic friction was 
nearly independent of sliding velocity. This is true generally within 
the ranges of sliding velocities normally noted. He also noted that 
there was a definite difference or change in friction between kinetic 
and static condition, static friction being notably lerger than kinetic. 
Kinetic as weed above referes to normally noted sliding velocities. 
Static as used above is somewhat unknown; truly it refers to no eliding 
velocity whatsoever. However, is it not possible that this static 
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7 
friction of Coulomb's may cor may not be actually the true static 
friction. He did mt investigate very low sliding velocities ~ 
microscopic velocities. This has not become of interest until just 
recently, It may be possible thet Coulomb's static, maximum, friction 
might occur at different very low sliding velocities lying in the range 
from sero, true static, up to sliding velocities appreaching the normally 
observable ones, 

Not knowing the true behavior of friction at very low sliding 
Velocities it remains that the friction factor, pe ratio of friction 
force to normal loading on the surfaces - may follow any one of a 
number of different paths between zero velocity and the points where 
friction becomes nearly independent of sliding velocity. Mfferent 
materials may behave differently in this region. ‘Some may follow one 
general relationship to sliding velocity and others different relation- 
ships within this range. Figure I gives an exemple of some of the 
general relationships that may exist in the region from zero up te 
normal sliding velocities. One must remember we are talking about very 
low sliding velocities, approaching zere and on the etenae tb he 
.” contimeters per sec. Thie is imperceivable to the naked eye. 


Stiok-Slip 
It has been shown that when the sliding friction between dry 
solid surfaces decreases as the sliding velocity increases, the sliding 


does not proceed smoothly but in a jerky fashion; we call this stick- 
2 
slip . The force tending to cause sliding causes the two surfaces to 


. 


tiie ay ee Yo Aobsode 
(Rot tOLOv RothelD wel YY obagtie cum? ton bth oR ob soRe? 
deh Lhd tnonntek Yo emomed: sort wed eter - weitiooley sigosenmotn 
tein eeichigliabdallibimimaiainciecinen 2¥ee@se 
NOKNs ORNL BEET OLN tate Rte wok serey MnoTTLth $6 anae ‘ilghe 
PARR NAR RnEE ngage. 


moitohs® ‘te ooltes wih totes? antdetst 0 ne 
* 0 amo nha AR NnmmegbeN 
eroriy eng eds bes vhioeloy cron ascended atin 


late eatin eldaviowcagat a2 @ bf? 


is ae ts eee gee Sere aee 
fe LS dew eh tconrting Slip tard 2b" ye 
Doaiigiel Test heres seme: So a Sse ud 
diggs: 4 UR oP EE Ewe ie 
PRAY wee: keer. we meen = 
3% Fe “. ee het hs 


std eh ise .ow patient ghee meme 
of Soastr¥e ont ent cones pelbtte-neses of prtbied eared eth \ 


& 
"break" away from one another and sliding occurs for a short time 
until the surfaces stick together.again. This repeated action is the 
sort of thing that we call stick-slip. An example, imown to all of 
us, might be the occasional bumpy, jerky path of a piece of chalk over 
a blackboard. Sometimes this is quite noticeable as the chalk seems to 
jemp rapidly as wie write, while at other times the jump or tine 
interval between periods of sticking are much shorter and a nerve 
grating noise cecurs, We have all experienced both of these I am sure. 
These ocecurances tell of the type of frictional behavior I am speaking 
of ae stick-slip but they do not justify my great interest in this 
particular phenomena, 

In machinery this same type of behavior may logically exist 

even though it is not as noticeable to us or possibly immediately 
recognized as the same general phenomena, The Navy encountered this 
problem in their great emphasis on noise reduction for naval. machinery ~ 
primarily submarine machinery, This oscillating motion, set up by 
stick-slip, excites vibrations in the sliding members and may result 
in considerable noise being preduced. This is heard by us as squeaking 
of the joints of furniture, auto bodies, etc. As has been stated the 
Navy encountered this in shaft squeal ~ propeller shafts turning 
slowly in stern tubes? ~ and no doubt other machinery noises. ‘This 
stick-slip may well be 4 problem in delicate control mechaniems where 
very rapid responses to quite small applied forces or terques is 
desired. It is felt that this phenomena can best be studied at low 
sliding velociti®®. Therefore, in addition to interest in just trying 
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9 
to understand the basic mechaniem of dry friction the behavior of 
friction at very low aliding velocities is of interest from the 
stick-sLip viewpoint for immediately encountered problems. This warrants 
some specific investigation and research, This research scons 
necessarily to take the form of accumulating a large amount of data 
on the behavior of the friction of many widely differing materiale 
@liding on each other at velocities approaching sere, This will permit 
the friction factor versus sliding velocity curves to be extended 
toward zero welocity. After a general accumulation of data of thie 
sort possibly some general conclusions may be drawn relating the low 
velocity friction behavior te some characteristic or characteristics 
of the material, hardness, atemic structure, or such. A long time 
will be required for even an approach te this thorough understanding, 


The work in this field has been accomplished primarily at MIT 
during the last five years under a Office of Naval Research contract. 
The work hae been carried ont wader the Friction and Lubrication 
Labratory which is under Prefsssor Rightmire, in charge, and Professor 
Rabinowiez, The first problem was instrumentation capable of 
measuring frictions at the desired very low velocities, During 
1950-1951 Leif Arnesen worked on the project and was unsuccessful. 
in designing the apparatus necessary to adequately carry out the 
measurenante, F., Heyman took up the work of this project in 1951 


*Now with Westinghouse Electric Corporation 
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10 
and by 1954, after many difficulties and obstacles encountered, 
developed the apparatus whieh now ¢an successfully carry out the 
necessary measurements, His contribution was great in the develop- 
ment of the apparatus even though he aztually did not get any 
reproducible results from the material testing. This apparatus was 
used in gathering the very low velocity friction data of this thesis. 
| A very good description of this apparatus is given in a paper published 
in the Review of Scientific Instruments, Sehomatic diagrams of the 
low velocity machine components are shown in Figures VI, VIZ, and 
VIII. The descriptive portion of this paper may be found in Appendix 
A, ‘The apparatue used in obtaining the higher velocity data - 
velocities above 10” ems. per sec. ~ was a standard friction measuring 
apparatus operated at the extreme low end of its speed range. 

The actual test work accomplished since development of the 
apperatus has been in conjunction with other projects that were in 
progress a advancement in this field has been alow. However, the 
gathering of data on thie project is a very slow process anyway. The 
information that has been obtained in this region is presented in 
Figures II through vt These are contributions fran Professor 
Rightmire, Professor Rabinowiez, Mr. F. Mysliwetz, and Mr. 0. Heddon, 
From these Figures, II through V, it ean be seen that different 
materials have friction factor-aliding velocity curves of varying types. 
No conclusions can be drawn on so few curves. It will also be quite 
difficult to distinguish eurves of types B from C and D from E unless 
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12 
we are sure we can locete the appropriate humps first. ‘The hunps 
of © and E may be @ very close to vere velocity that as far as we 
are now capable of investigating these curves may appear as B and D 
reepectively. It is ale possible to confuss B with A if the slope 
should be very nearly zero, 

One thing thet is shown by past work is that at the very low 
velocities there is « varying relationship between friction and sliding 
velocity - that friction is no longer nearly independent of sliding 
Velocity, for seme materials at least. At this time no general cone- 
lusion may be drawn, however. Curves such as Figures IT through V 
must be determined for very many materials before drawing generalities 
from specifie cases. It is the purpose of this theels te contribute 
aa much as possible to the accumulation of these relationships of 
friction factors te sliding velocities in the very low velocity range. 
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Caldbrat to 


The misrogeope used for measuring distance traveled by the sample 
during the time interval of the run was calibrated against an optical 
ealibration grid, This grid was a product of Central Seientific 
Company. The grid was 2000 lines to the inch. The microecope was 
first calibrated using the above grid for inches per scope unit. 

Thie value was then converted te centimeters per scope unit. The 
value for my eye on the scope calibrated to be 0.000241 ems. per 
scope vernier unit. The Sanborn Revorder used te record the strain 
gauge readings waa calibrated before each series of teste ~- a sericea 
of tests being all recordings on one material ami made on one day, 
This calibration was accomplished by applying know loads to the strain 
gauge, recording the reading, and then unloading the strain gauge after 
each loading te obtain a zero point. This procedure was carried out 
several times using different loads and establishing an average of these 
readings for both the sero point and the scale of the recorder paper 
grid. the reference morker, mentioned in the description, wae adjusted 
te @ convenient value ao that system drift could easily be detected 
during « run. 


The surface of the material specimen was prepared by finishing 
with successively finer grades of emery paper, etarting with grade 1/0 
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13 
emery paper amd preceeding through 4/0, The metals, extept for 
aluminum, produced 2 good, apparently polished surface finish with 
4/0 grade paper, Aluminum and the plastics tested seemed to have 
a maudged dirty surface finish after polishing with 4/0 paper. Bach 
of these was finished with the finest grade of emery paper, courser 
than 4/0, that produced an apparent polished smooth surface. The 
finest emery paper used on each respective specimen is noted in the 
tables I and II of appendix 3, 

The upper frictio sarface used was an eighth inch henispherical 
plain steel] rider in all cases tested. This surface was polished te an 
apparent smooth finish using 4/0 emery paper on it while it wes re- 
tating in a drili chuck. 


Tost, Procedure 


The normal load between the rider and specimen surfaces for these 
tests was standardized st 100 grams for the very slow velocity apparatus 
and 200 grams for the standard apparatus, After placing the rider arn 
dn place the weight of the arm and associated apparatus was taken up by 
tension of 4 spring adjustment. This permitted the rider surface to 
contact the specimen surface with practically sero normal force between 
them. Placing 100 grama on the rider arm in its proper position aesuared 
knowledge of the normal loading used in order to accurately compute 
frietion factor as the ratio of friction forces to normal forse. By 
verying the pulling force on the drive mechaniam the velocities were 
varied, The Seborn Recorder trace recorded the respective friction 
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foress as sensed by the strain gauge. 
the apparatus when first started was permitted at least two 

hours to accelerate to a steady state velocity. This was necessary, 
although possibly exeeseive, to permit the wave systen, etc., in the 
piteh tank to reach a steady state, The pulling force wae varied 
without any other interruption to the running apparatus. At least, 
thirty minutes were permitted between position readings in order to 
ineare steady state conditions had been reached. At each pulling 
force, the distanee, measured by the microscope, the specimen mves 
in a period of time waa recorded, 


Data (See appendix 8) 


Having notes of the distance moved and the time elapsed the 
sliding velocity was computed in each instance, Having the recorder 
tracing of friction force over the interval of time concerned a 
average friction force wae established, Having the average friction 
foree ami the normal force an average friction factor was computed for 
that particular velocity. I wish to emphasise that actually both the 
average friction factor and the sliding velocity are measured quantities 
although I might have spoken of them previously as computed. Thies only 
referred to a mechanical, mthematical operation on actual measured 
quantities, 

In using the standard friction apparatus the sliding was done in 
a ¢ireular path ~ the specimen revolving off-center under the rider. 
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In this case the frictional fores was recorded in the same manner as 
for the slow motion apparatus, The Sanborn Recorder in this case 
recorded also the rotational speed ef the specimm. By knowing, then, 
the rotational speed and by measuring the diameter of the circular 
path traveled the aliding velocity was easily obtained. In the same 
manner as before the friction factor was obtained, 

The data as then compiled was plotted for each material tested 
giving a friction factor versus veloeity curve for each, 
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RESULTS 


The materiale tested were some plastics and a few metals aa 
follows: 


The results of friction factor versus sliding velocity for these 
materials are presented in the form of the follewing curves, figures 
IX through XVI respectively. 
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DISCUSSION OF RESULTS 


Plastics 


Both High Styrene and Polyethylene behaved in very similar 
mamers, Their friction factor, or efficient of friction, was 
fairly lew at low sliding velocities, on the order ef 0.11 at 
velocities of about 10° oms. per sec, Information available from 
higher velocity ranges, 10°” to 1 om per sec., indicates that the 
slope of the curve, 17, increases rapidly up te thie point. The 
alope at the higher velocities appears to again approach sero 
indicating possibly that this ie the peak of the curve. These curves 
could be similar to either curve C, BD, or E of Figure I. These 
curves would have to be continued further to the right, to higher 
Velocities, in order to determine a C or D type curve and to lower 
velocities to detemine an E type. These materials behave similarly 
to som.” The humps or peaks of these curves have not been reached 
within the range cf these experiments. 

Vinyl Chleride and Polyester within this same region of exam- 
ination exhibited humps or peaks or at least indieated that such 
existed to the left of this experimental range. These curver could 
be similar te types B or C of Figure I. It seems doubtful that they 
Would be similar to type E which would necessitate a minimam at higher 
velosities as well as a maxima at lower velocities. Here again, these 


* Discussed with Profesaor B. Rabinowies who has done this sortef 
investigation on soap. 


VE 
2TIUCEA WH WOTSAVOs Td 


soisests 


uolimhs yer at bovsded ensiydéeylel bas eneryt «Qik Atok 
sow ,noléeixt tc irnaloltiecs te votes? noidein? tleff .stenem 
¢s £1.0 Yo tebs0 odd me weitioofen pathife wol da wol ylrtet 
nov afdattove molianctal 000 xeq .emo “OL gods to sebd beater 
edt gadd wedsotint ,.008 teq mo L of “OL .zeyant ytlootor wangid 
edt .dnbog aki? of qu yibhoen souseront “Of oro oft to eget 
ores dosoxqgs siege of exavens selétooiey idiyid ot 3s eqale 
sero oaedT eras odd to daeg end ef stds godt yldlesoq gaideolhak 
esedT I eumit to E to 0 ,0 orm tedthe of «alimta od bineo 
worst of , digit odd of teciduat bemntinos od of oved bivow sevane 
wewal of bas own eqyt @ 10 9 6 entarogeb ot wheo at ,soldboaler 
qiratinin evaded elstvegam esedT equ 1 as ealmodeh of selstooler 
bedsner seod don evad sovws seed? to sileeq vo aquud edt “.qtos of 
.sdueaiteqxe esedd te epamt odd middbw 
axe ‘20 solget onse oldd nidétw wédsoqiot bas ebiveisd Lyall 
dowa #add bedestha! dssel ¢2 a0 alaeq te squmcd bed bdidxe motjent 
bios sews eeeiT one Indmenbreqxe ated to Mel edt of bodelae 
yedt dadt Intddveb amecer JT .I owl to 9 co  eoqyt of welints od 
eodgid ta suntatn 2 etaticaosen bizow detds % eqyt of telimks od bluew 
esort ,ntepe oveli sseldivoloy vewal ¢e somixem s ae Liew as sekdloolev 


exicitensisthinennanaaaarataniaitamitaiaistt ttl LA ALO LL A OL D 
Yodres vid? encd sai ore eutwonided .2 reaeetorl détw beeneoeli * 
gace so 


ie 
two materials appeared quite similar te each other in the shape of 
their curves, Time did not permit measurement of the hardness of 
these materials as wes intended, However, it appeared that Vinyl 
Chloride and Polyester were harder then High Styrene and Polyethylene. 
This may be a very important property in determining the sliding 
Velocity at which the friction factor reaches a maximum. Thies is one 
af the points that, st present, seems = but warrants more research 
before a generality may be drawn, 

Epoxy, the fifth plastic examined, seened quite difficult to work 
with, At first appearance it seemed fairly hard but actually over a 
period of time a quite euall force deformed readily ~ primarily 
@lasticslly. The curve developed from data obtained is somewhat in 
doubt. Due to ite odd behavior while working with it, I chose to 
draw a straight dashed line averaging the points plotted. It is 
quite possible however from the data plotted that the curve may pass 
through » rather sharp peak in the vicinity of 107 to 10°? ems, per 
gece. If this could be established this would be a good exmaple of the 
type © curve of Figure I. 


lstals 


The three metals examined were by no means a complete representative 
Grows section of the available metals. Zinc had a steadily rising curve 
quite similar to that of High Styrene and Polyethylene. Zinc was the 
softest mtal tested ~ hardness of 32, © Phosphor Bronze «~ hardness 
Sih. eve geanciiy the same sort of presentation as zine. This seams 
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19 
incongruent with eur knowledge and intuition about these metals. 
Aluminum ~ hardness 35°) .. showed « gentle, apparently, linearly 
negative slope, Thies gould correspond to curves of type C or B 
of Figure I. Alwainum seemed to present the most expected behavior 
of the metals, 

Genera). 

In general it appears that softer materials have a U~- curve 
possessing a positive alope in the region investigated and that hard 
materials gersrally have a negative slope, This may be explained, 
at least partially, in light of the dlecuesion in the introduction. 

If we set a weight on the surface of quite cold molasses in « 
Container, the weight, if not teo large, will appear to rest momentarily 
wight on the surface, It will actually be sinking quite slewly into 
ami through the molasses, If pulled or pushed horisontally while 
practically resting on the surface the weight will move fairly easily. 
If the weight is permitted to sink way into the wery thick molasses 
4t will require a considerably larger force to cause the same horisontal 
motion by the molasses with this deeper immersion. This ia due to 
inereased frontal area which means that more of the molasses has to be 
pushed out of the way and/or compressed in order to permit the weight 
to sve horizomaliy. A ship in wateris the same problem. If the 
ship is unloaded and riding high in the water it takes less power, 
foree, to propel it through the water than if it were at maximum load, 
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2 
Minimum and maximum load correspond to minimum and maxieme drafts ~ 
depth to which the ahip sinks inte the water. 

This argument may ter’ to explain the velocity veraua time curve 
for sates) or soap that Professor Rabinowics peotened..©?* Ris curve 
shows that velocity decreases with time elapsed, 

Assuming a given draft or depth of sinking it requires more and 
more force to push the weight, spoken of before, or the ship at higher 
ani higher velocities, Im ships the power required to propel is nearly 
a funstion of the third power of the speed. In view of the findings of 
Bowden and Tabor about teflon” it seems possible that the softer 
plastics examined my behave similarly. They, like teflon, have low 
friction factors. If this is true then this particular category of 
plastics will not form welde readily and may not adhere readily to ite 
companion surface, This would mean that the shearing portion of the 
friction force would be quite smal 1 if not totally negligible. Presuning 
this, the softer plastics behave quite as would be expected in this 
vegion. Their behavior is similar to the ship in the water analogy. 

As velocity increases the force must increase. The interlocking 
asperities of the surfaces must deform te permit passage of the other 
surfacs'’s auperities, Depending on the softnesses and relative normal 
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With Teflon it was not possible to form a thermal weld even 
under the most sever conditions of load and speed....This re 
sistance to seizure and the low coefficient of friction suggest 
that Teflon may find many important applications as an ‘anti-fric- 
tion’ ami ‘anti-welding’ material in bearings and other sliding 
mechani, ame.” 
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21. 
load involved this deformation may not be limited to asperities 
or surfaces alone and then becomes a function of the bulk. Neverthe- 
leas, the deformation is all of the same general nature, Sliding 
velocity determines the rate of this deformation and the rate of 
deformation determines the forces required to cause it since it is 
an energy. 

In view of all of this it seens that the softer plastics that 
do not weld to or adhere to their companion surfaces exhibit somewhat 
of a positive jf ~V cwrve slope in the region exemined, 

On the other hand, the harder materials seem, logically, to 
depend on the shearing portion primarily for their friction. We know 
that the penetration of the rider, depth to which it sinks, is 
practically negligible, For the harder mterials that weld to or 
adhere to their companion surfaces the shearing portion of friction 
seems to be the primary one and ploughing is practically negligibie. | 

Sinmee the more solid the weldments are the larger the required 
shearing forces it follows that if the sliding velocity causes the 
character of the weldmente to changs the shearing force and thus the 
friction force is going to change similarly. This means thet if 
sliding velocity is increased within this range generally the weldments 
will not have time to ost well, ‘They will be softer due te mre heat 
generated at the surface but less time for it te be conducted away, 
This will permit the weldments to be sheared easier, This means « 
negative slope to the pv curve in this region, It ie believed 
that the harder materials exhibit this general behavior generally. 
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Tt may well be argued that if the sbove is correct the pov 
curve should continue with e negative slope. This isa not ao. It 
seeme logical to believe that the localised heating due to sliding will 
algo improve the formation of the weldments, At some dliding velocity 
the two effects will come in balance and the jl -V slope will not 
necessarily continue negative, 

In the Light of this discussion it can be concluded that the 
friction forse is made up of the shearing and the ploughing portions 
to varying degrees, ‘the shearing portion depends primarily on the 
mutual ability of the surfaces to weld together at pointe. The ploughing 
portion depends primarily on the hardness and the elastic and plastics 
charseteristics of the two materials in contact, 

Tf the materials were quite hard and they are mutusliy adhesive ~ 
tend to form welds ~ then the ploughing term would be quite small 
compared te the shearing term, In these caser the surfaces are 
presumed normally smooth. ‘The ploughing term would consist of just 
the force deforming the asperities in order to permit sliding - the 
deformation woul.d not go beyori the actual surface itself in these 
hard materials, Two surfaces with this type interface, I believe, 
should exhibit « negative slope for the H~V curve in the region 
concerned, 

If the materials were soft and do not have a tendency to weld 
together the ploughing term would be of prime magnitude ae compared 
to the shearing term, Ne doubt, some shearing will occur as we can 
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rarely expect two materials to have no mutual attraction, tendency 
te form welds, The deformation of these materials would seem te 
extend certainly beyond the asperities of the surfaces and may be 
of any extent depending on the materials. the M-/ curve resulting 
in the above such case could be expected to have a definitely positive 
@liope in the region concerned. it is peasible that at some sliding 
velocity the heat generated might change the tendency of these mterials 
to form welds and thus alter the dope of the f-\) curve st other 
velocities, 

It seems that these factors ~ mutual weldability and resistance 
to deformation — may vary widely and differently from one pair of 
surfaces to another possibly, Mutual weldability represents the 
shearing, and resistance to deformation the ploughing. Having varying 
combinations of these in different sets of sliding surfaces accounts 
for curves of drastically different slopes in the region examined, The 
Slope depemis on the predominame of one of the terms over the other, 

High Styrene and Polyethylene, no doubt, do mot weld te steel well 
at all and therefore the ploughing term is predominent and the slopes 
in Figures IX and X respectively are definitely positive. Vinyl 
Chloride and Polyester appear te be harder than the previous two 
plastics so will have a lesser ploughing tendency. The ploughing term 
in actual forces may be larger due to different material proverties but 
the tendency to permit digging in and gouging by the other surface is 
less, These two plastics may have a stronger tendency to form bonds 
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with steel, Overall the two effects together « neither particularly 
being negligible ~ produce a gentle change of slope from practically 
zero to a slight negative one, This change may occur when the sliding 
velocity is high enough to cause a local wftening of the surfaces 
and thus an increased tendency to form bonds, These curves of changing 
Slope are shown in Pigures XI and XII, The curve of Figure XIII is in 
doubt but may be a sharp curve of the type show in Figures XI and 
XII with a very definitely defined peak or it may be one of general 
negative dlope. Zinc, represented in Figure XIV, exhibited the same 
tendencies as did High Styrene and Polyethylene, ‘The Phosphor Bronze 
results, Figure XV, were not what was expected. They showed a sharply 
positive slope when it was intuitively felt that the slope should have 
been quite anall and probably negative. Thies intuitive expectation 
ef Phosphor Bronze concurs with the general discussion offered here. 
This difference is, as yet, unexplained. Aluminum presented in Figure 
XVI a most expected curve that has 4 small negative slope. 
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CONCLUSIONS 


Various ideas have been advanced in the discussion but I feel that 
an insufficient number of materials have been examined in this manner 
to justify any genera) overall conclusions. I do condlude, however, 
thet the investigation should be carried on until a vast amount of data 
has been gathered, At that time I feel that som of the ideas herein 
diseuseed may be justified as generalition, 
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RECOMMENDATIONS 


1. In time a large number of materials, both metals and plastics, 
should be examined, 

2. When additional runs sre made some should be made using riders 
made of a variety of materials. 

3. In order to more fully define the curves, different keels should 
be used in the pitch to permit a greater range of velocities to be 
obtained using reasonable pulling forces, 

4. The automatic velocity recording mechaniam Professor Rabinowies 
is working on should be perfected and installed. This will greatly 
facilitate velocity determination, 
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APPENDIX A 


Descriptions of the primary components of the very low speed 
friction apparatus’) * 


The driving mecheniam diagram is shown in Figure VII. 

The moving friction specimen is a bleck serewed rigidly to a 
carriage which rests on two cylindrical rollers offering negligible 
resistance te ite travel, Fastened umierneath the carriage iz a 
detachable keel imsersed in a cup of pitch, which in turn ia fastened 
te the base, the latter being a heavy block carried on antivibration 
mounts, Attached te the carriage is a flexible wire that passes over 
& pully and ¢arries a weight pan at its end to provide the pulling force. 

The piteh is initielly heated and poured inte the cup with the 
keel in plete, end when the carriage needs te be removed it is simply 
detached from the ime] by undoing tw set screws, the kee) remaining 
undisturbed in the piteh, Using a pitch of softening temperature 
160~200° F and « keel with 4 cross section 1/2 x 3/16 in., we have 
found 4% possible to obtain speeds of from 6 x 167? to 1.3 x 107% 
om/ees by varying the depth of immersion of the keel from 1/2 to 1/32 
in., and the pulling forces from 156 te 1500 ¢. 

To measure the displacesent of the moving specimen, a fine scratch 
on & mall glass block cemented to the carriage ia sbserved through 
® Quoted from s paper published in the Heview of Scientific Instruments, 


Vol. 26, No. 1, 56-58, January, 1955 ~ Friction Apparatus for Very 
Low.-Speed Sliding Studies; F. Heymann, P. Rabinowies, and G,B, Rightmire 
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a microseeps equipped with a micrometer eyepiece, The smallest 
observable displaceumt is 5 x10"? em, It was found that at the 
lower speeds it takessome 3%) minutes before a uniform speed is 
obtained and the driving mechanism is therefore set into motion before 
the experiment begins. 


| Although we heave eliminated stick-slip from the driving mechonian, 
we have not necessarily ensured amsoth sliding, because, since a 
eertain amount of elasticity is mandatory if the friction force is to 
be meagwred by means of an elastic deflection, stick-slip can originate 
in the measuring device of such a friction apparatus shown in Pigure VI. 
However, theoretical and experimental studies suggest that through the 
uee of a sufficiently stiff spring this stick-slip can be completely 
@liminated or, at any rate, greatly reduced, 

In our apparatus, the upper or fixed friction specimen is a 
hemispherivally ended rider held firmly in a flexible arm, which is 
attached by means of an outrigger (to align the forves) to a stiff 
strain ring (Fig. VIII). The opposite point on the strain ring is 
fixed to a stiff arm and both the stiff arm and the flexible arn are 
held on a shaft supported in twe ball-bearing plllew ~ blocks. To 
balance thie assembly and at the same time minimize the normal load on 
the bearings, the assembly is supported near ite center of gravity by 
a soft spring. The upper anchorage of the spring can be moved up and 
down in ite columns, and alew incerporsiies a fine adjustment oo as te 
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pemait the rider carefully to be brought just inte contact with the 
Lower friction specimen, The normal. lead between the specimens is 
then determined by weights placed on e@ pan on the flexible am 
directiy above the rider. 

The whole friction foree is tranamitted by the flexible ara 
whelly through the strain ring to the stiff eaym ond ie measured by 
four Sh-i, wire-resiatance strain ganges cemented to the strain ring 
and connected to a Sanborn Recorder, The stiffness of the ring is such 
that a frictio force ef $0 g ~ a common value ~ produces a deflection 
ef 7x 10™ om., and the sensitivity of the friction measuring device 
ie about 1/4 go 

During the long rune that are necessary, a method of checking on 
the drift of the reoorder is desirable, and for thie purpose a “dummy 
transducer" box was constructed. This containe high ~ precision 
fixed and adjustable resisters forming a bridge efreuit comparable 
te that of the strain gauges on the ring, and a ewitch by meane of 
which this ciroult can be shunted at any time into the recorder shanne} 
in place of the strain gauges, At the beginning of a run, the box can 
be adjusted to give a reading equal to the no-load reading of the strain 
ring, and subsequent switching back te the box will disclose any drift 
in this sero reading. 
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